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WHAT IS DARK MATTER?�CDM: a remarkably successful theory on large scales
Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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�CDM: plenty left to explain

95% of the Universe is “beyond the Standard Model” physics
Image: Planck / ESA / NASA

�CDM: a remarkably successful theory on large scales
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It’s most of the mass in the 
universe, gives precise fits to 
structure formation and the 
CMB.... But what is it?



PARTICLE DARK MATTER

Dark matter candidates arising from models of particle 
physics beyond the Standard Model are a dime a dozen.	


!

It’s very easy to find particles that are stable, either 
because they are the lightest state carrying some charge, 
or just by accident.	


!

Today I’ll focus on MSSM neutralinos, a well-motivated 
option that is coming under significant strain due to data.



THERMAL FREEZEOUT
Dark matter in 
equilibrium with 
the SM tracks 
thermal 
abundance until 
the Hubble 
expansion is 
faster than the 
interactions

⌦DMh2 ⇡ 0.1

✓
3⇥ 10�26 cm3/s

h�vi

◆
.



LOOPHOLES
Dark matter can be a thermal relic even if its present-
day annihilation cross section is not                        . 3⇥ 10�26 cm3/s

There are a number of loopholes that allow the 
annihilation rate today to be different from what 
established the DM abundance in the early universe.

1. Coannihilation: another particle nearby in mass plays an 
important role in equilibrating the DM.

Figure 8: Some annihilation modes
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Result: lower-than-expected 
cross section in the current 
universe. Griest, Seckel ’91



LOOPHOLES
2. Annihilation to slightly heavier states: very similar to 
coannihilation.

7
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FIG. 6: Tree-level dark matter annihilation to heavy fermions in the forbidden case (Left). ⇥⇥ � �� at one-loop (Right).

where a ⌅ m2
1/m

2
⇥, b ⌅ m2

2/m
2
⇥, and the functions In(a, b) are defined in [58]. In the m⇥ � m1,2 � ⇥m ⌅ m2 �m1 limit,

we have F+ ⌃ (2 � ⇥2) and F� ⌃ 2; however, for m⇥ ⇧ m1,2, these approximations overestimate the �� rate and we use the
exact expression in our analysis. Also, we expect the rates for ⇧1⇧1  ZZ,Z� to be comparable, although the exact prediction
depends on the SU(2)L ⇥ U(1)Y quantum numbers of ⇧2 and ⌅.

In Fig. 5, we present numerical results for this model.

• The solid curves show mass contours for ⌦⇤v↵�� = 10�27 cm3/s, for fixed m1 = 130 GeV and for different couplings
gS , with gP = 0.1 gS (left panel) and gP = gS (right panel). The � line signal requires gS & O(1) and m2,m⇥ & m1.

• The dashed contours show parameters giving the DM relic density ⇤dmh2 = 0.11, for different values of the SM fermion
coupling g⇥ ⌅

�
|g⇥S |2 + |g⇥P |2, with m1 = 130 GeV and gS,P fixed by ⌦⇤v↵�� . There is a clear resonance for m⇥ ⌃

m1 + m2, with smaller values of g⇥ and larger ⇥m allowed. (The width �⇥ is computed as a function of the given
parameters.)

• The gray region is excluded by ⇤dmh2 < 0.11. For ⇥m . 5 GeV, ⇧2⇧̄2 annihilation is not sufficiently Boltzmann
suppressed, depleting ⇧1 provided ⇧1 and ⇧2 are in chemical equilibrium. (This holds for gS,P ⇧ 1, g⇥ � 10�7.)

Taking m2 ⌃ 135 GeV (corresponding to the edge of the gray region) gives ⇤dmh2 = 0.11 in a large region of parameter space
(10�7 ⌥ g⇥ ⌥ 10�1, off-resonance) with little dependence on the other new physics parameters, since the relic density is set
through electromagnetic interactions. That is, the new physics particles need not have large couplings to SM states, aside from
their electromagnetic couplings. In any case, this coannihilation model presents a viable framework for explaining the DM relic
density with an enhanced � line signal.

III. FORBIDDEN CHANNELS

The second exception occurs when all the virtual charged particles generating the DM coupling to photons have a slightly
larger mass than the DM. Although the coupling between DM and the charged particles has to be strong to overcome the
loop-suppression factor, the annihilation cross section to charged particles at tree-level is suppressed kinematically. During
freeze-out, DM is non-relativistic and its typical velocity is ⇧ 0.3 c. If the charged particles have masses not far from the DM
mass, annihilation to the charged particles can still proceed in the early Universe, albeit less efficiently. As a result, one is able to
obtain the correct relic density despite the large couplings needed to generate a photon line. On the other hand, DM has a typical
velocity ⇧ 10�3 c in the halo today so that the direct annihilation to the charged particles is kinematically forbidden, evading
constraints from continuum photons. In Ref. [8], this mechanism was used to generate enhanced DM annihilation to �Z and
�h, with the forbidden particle as the t quark. Here, we investigate a different model with enhanced annihilation to ��, and we
compute the required mass splitting between the forbidden states and DM to obtain the correct relic density and the Fermi line
signal simultaneously.

We proceed to estimate the relic density through annihilation to the charged particle pairs, ⇧̄⇧  FF̄ , where we use F
to denote charged fermions heavier than DM. We begin by reviewing the discussion of [53]. Since the velocity of the final-
state particles is small, it is convenient to write the annihilation cross section in the form (⇤v) = (a + bv2)v2, where v is the
relative velocity of the initial-state particles, v2 is the velocity of the final-state particles in the center of mass frame, and a and b
characterize the s-wave and p-wave contributions to the annihilation cross section respectively as usual.5 Note v2 must present in
the annihilation cross section because it is from the phase space of the final-state particles. Energy and momentum conservation

5 The reader should not be confused with the mass ratios a, b defined in Sec. II. Here, a, b refer to s- and p-wave cross sections only.

Both require new masses 
within about 10% of DM mass. 
Accident, or symmetries. Griest, Seckel ’91; Tulin, Yu, Zurek 1208.0009

3. p-wave annihilation in the early universe.
Suppressed now because DM is non-relativistic (v ~ 10-3)

4. Sommerfeld enhancement today: cross section in the 
early universe was lower because velocities were higher



MSSM DARK MATTER
Neutralinos: superpartners of photon, Z, and Higgs.
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Figure 4: Some annihilation modes

References

[1] R. Essig, “Direct Detection of Non-Chiral Dark Matter,” Phys. Rev. D 78, 015004 (2008)
arXiv:0710.1668 [hep-ph].

[2] M. Farina, M. Kadastik, D. Pappadopulo, J. Pata, M. Raidal and A. Strumia, “Implica-
tions of XENON100 and LHC results for Dark Matter models,” Nucl. Phys. B 853, 607
(2011) arXiv:1104.3572 [hep-ph].

[3] C. P. Burgess, M. Pospelov and T. ter Veldhuis, “The Minimal model of nonbaryonic dark
matter: A Singlet scalar,” Nucl. Phys. B 619, 709 (2001) hep-ph/0011335.

[4] J. Giedt, A. W. Thomas and R. D. Young, “Dark matter, the CMSSM and lattice QCD,”
Phys. Rev. Lett. 103, 201802 (2009) arXiv:0907.4177 [hep-ph].

[5] M. Ackermann et al. [Fermi-LAT Collaboration], “Constraining Dark Matter Models
from a Combined Analysis of Milky Way Satellites with the Fermi Large Area Tele-
scope,” Phys. Rev. Lett. 107, 241302 (2011) arXiv:1108.3546 [astro-ph.HE].

[6] E. Aprile et al. [XENON100 Collaboration], “Dark Matter Results from 100 Live Days
of XENON100 Data,” Phys. Rev. Lett. 107, 131302 (2011) arXiv:1104.2549 [astro-
ph.CO].

[7] E. Aprile on behalf of the XENON100 Collaboration, “The XENON1T Dark Matter
Search Experiment,” arXiv:1206.6288 [astro-ph.IM].

[8] D. Hooper and T. Linden, “On The Origin Of The Gamma Rays From The Galactic
Center,” Phys. Rev. D 84, 123005 (2011) arXiv:1110.0006 [astro-ph.HE].

[9] D. Eichler, “TeV Particles as Weakly Unstable Dark Matter,” Phys. Rev. Lett. 63, 2440
(1989).

[10] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran,
“Astrophysical Probes of Unification,” Phys. Rev. D 79, 105022 (2009) arXiv:0812.2075
[hep-ph].

6

Wino and higgsino: in SU(2) 
multiplets; can annihilate a lot. 	


!

Thermal relic abundance is 
underpopulated unless they’re 
heavy (about 1 TeV for higgsinos or 
3 TeV for winos), e.g.:

⌦
�v(�� ! W+W�

)

↵
⇡ 3⇥ 10

�24 cm
3

s

for m� ⇡ 140 GeV



MSSM DARK MATTER
Bino: overpopulates, unless slepton 
is very light or degenerate within 
5% for coannihilation.

Viable MSSM dark matter :	


- coannihilation to boost relic abundance of a mostly-
bino state	


- delicate mixing of wino/higgsino and bino to get 
thermal abundance (“well-tempered”)	


- non-thermal relic abundance
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DIRECT DETECTION
LUX bounds are ruling out WIMP-nucleon cross sections 
of around 10-45 cm2. What does this mean?

1310.8214

5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].



DIRECT DETECTION RATES
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Figure 11: Two-loop EDMs in supersymmetric theories. The one-loop diagram in the dashed box is a
“CPV-EWPT" term.
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The first expectation might have been 
dark matter scattering with nuclei through 
a Z boson.

� >⇠ 5⇥ 10�40cm2

This was ruled out long ago. But only really applies to 
matter with purely chiral masses, like fourth 
generation neutrinos.	


!

Generally, Χ, Χ’ have at least slightly different masses; 
shut off this channel (or “inelastic dark matter”).



DIRECT DETECTION RATES
The next expectation is that DM can scatter with nuclei 
through a Higgs boson.  Happens if DM gets part of its 
mass from the Higgs.

E.g. a scalar with quartic coupling λ|S|2|H|2:

� ⇡ �2 ⇥
✓
100 GeV

MDM

◆2

⇥ 3⇥ 10�44 cm2

Higgs exchange is what experiments are probing 
now.



MIXED NEUTRALINO DM

Figure 2: Left panel: Direct detection cross section vs. Higgsino fraction of the neu-
tralino. Right panel: Direct detection cross section vs. the dark matter particle mass,
for points with purity above 0.2 (red), between 0.1 and 0.2 (orange), 0.01 and 0.1 (green),
and 10�3 and 0.01 (cyan). The lines correspond to the XENON100 100 days exclusion
limit [6] (black/solid), and the projected sensitivities of the XENON100 upgrade [28, 29]
(blue/dotted) and XENON-1T [29] (red/dashed). Real, positive values of the scanned MSSM
parameters are assumed.

above 50 GeV. 5 The proposed XENON100 upgrade [28, 29] will be able to probe values of p
down to 0.01 for the LSP masses above 50 GeV, while a 1-ton upgrade [29] will have a reach
down to p ⇡ 10�3 through most of the mass range.6 If the dark matter is not discovered
at that stage, the only possibility in the MSSM would be a pure gaugino or Higgsino with
< 0.1% admixture of the other components.

The physical origin of this constraint is easy to understand. In the gauge eigenbasis for
neutralinos, the neutralino-neutralino-Higgs couplings have the form (gW̃ 3+g0B̃)H̃H; there
are no gaugino-gaugino-Higgs or Higgsino-Higgsino-Higgs couplings in the MSSM. In the
mass basis, the couplings have the form

�̃0�̃0h : (gZ�2 � g0Z�1)(cos↵Z�4 + sin↵Z�3) ,

�̃0�̃0H : (gZ�2 � g0Z�1)(sin↵Z�4 � cos↵Z�3) . (20)

If the �̃0�̃0h is of its natural size (i.e. no accidental cancellations or small mixing angles
are present), the direct detection cross section from t-channel Higgs exchange is of order (a

5A well-known example of such a model is the “well-tempered neutralino” scenario [33]. The fact that
this scenario is disfavored by XENON100 has already been noted in Ref. [18].

6Many next-generation direct dark matter searches have been proposed, such as XMASS [30], LUX [31],
and superCDMS [32]. Needless to say, we use projections from the XENON collaboration simply as a
benchmark, and do not mean to endorse or express a preference for a particular technology or experimental
proposal. Projected sensitivities of any proposed experiment can be easily superimposed on our plots.
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Perelstein and Shakya, 1107.5048
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Figure 1: Feynman diagrams contributing to spin-independent elastic scattering of the neu-
tralino dark matter particle on a nucleon in the MSSM.

or some lower future bound? This will be the main focus of this paper. In particular, we
will demonstrate a correlation between the direct detection cross section and the amount
of fine-tuning in the electroweak sector: roughly speaking, model points with lower direct
detection cross sections are more fine-tuned.

In order to be as general as possible, we will treat all weak-scale MSSM parameters as in-
dependent, without assuming any relations among them. The tree-level processes contribut-
ing to the direct detection cross section are shown in Fig. 1. The key assumption underlying
our analysis is that no accidental cancellations take place among various contributions to
the direct detection cross section in the MSSM. By “accidental”, we mean a cancellation
which is exact only on a measure-zero hypersurface inside the full MSSM parameter space.
Equivalently, an accidental cancellation is indicated by an anomalous sensitivity of the cross
section to the MSSM parameters (measured, for example, by its logarithmic derivative) along
at least one direction in the parameter space. In particular, any cancellation between the s-
and t-channel diagrams in Fig. 1 would be accidental, since they depend on di↵erent sets of
MSSM parameters.3 Thus, for making qualitative statements, it is su�cient to consider only
one of the diagram classes; the other one will, at worst, produce an order-one correction to
the cross section. We will focus on the t-channel diagrams, Fig. 1 (a). We make this choice
because three of the five MSSM parameters which enter these diagrams, µ, tan �, and mA,
also enter the tree-level prediction for the Z mass. In this way, the direct detection cross
section is connected to electroweak symmetry breaking.

When comparing with experimental data, we will assume that the local dark matter

3Of course, di↵erent MSSM parameters may be related once the SUSY-breaking sector is understood,
so that a cancellation that appears accidental from the weak-scale point of view may in fact be natural in
the full theory. Such a situation, however, appears extremely unlikely in the particular situations where we
apply the “no accidental cancellation rule” in this study. For example, a cancellation between the s- and
t-channel diagrams in Fig. 1 would require a complicated relation involving squark and gaugino soft masses,
the µ parameter, tan �, and the Higgs mass terms. It is very di�cult to imagine a SUSY-breaking model
producing such a relation.

2

Rely on bino/higgsino/higgs or wino/higgsino/higgs 
couplings. Pure higgsino or pure gaugino DM can 
evade detection. “Well-tempered” halfway ruled out.

pure gaugino
pure higgsino

well-tempered



DIRECT DETECTION RATES
There can be weakly-interacting particles with neither Z- 
nor Higgs-mediated interactions, but with W loops.	


!

E.g. supersymmetric “winos”:
h0

χ∼ 0 χ∼ 0 χ∼ 0 χ∼ 0χ∼− χ∼−

W-
W-

W-

q q’ q

(a) (b)

q q

Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.

are zero, as

gH(x) ≃ −2π ,

gAV(x) ≃
√
x

6
π ,

gT1(x) ≃
π

3
,

gT2(x) ≃ −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)

6

� <⇠ 10�47 cm2Hisano et al. 1004.4090

Down in the neutrino background. Even “WIMPs” 
may not show up at XENON!

(beware sign mistakes 
leading to false optimism 
in earlier refs)



125 GEV: MSSM IS UNNATURAL
In the MSSM, a 125 GeV Higgs mass requires heavy 
stops / large A-terms, but those directly undermine the 
naturalness argument for SUSY. 
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

Tuning contours (Hall/
Pinner/Ruderman 
1112.2703) for low-scale 
mediation,                 .	


!

Always at least a factor of 
100 tuning.

⇤ = 10 TeV



DICHOTOMY
Higgs at 125 GeV

Beyond MSSM, 	


natural

Stop search;	


Higgs sector 
(rates, decays)

Models?	


(NMSSM, D-terms, 
compositeness....)

MSSM, tuned 
with heavy 
scalars

Gluinos; 	


Wino  
DM?

Top-down 
theory

robust	


experimental	


connection



Arkani-Hamed & Dimopoulos originally had in mind very heavy 
scalars. But what the data points to now may be only “mildly” split 
SUSY, with scalars at 10s—100s TeV.
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).

Draper, MR, Meade, Shih 1112.3068Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan � for a Higgs mass
fixed at 125.5 GeV for no and maximal stop mixing. The 1� error bands coming from the top
mass measurement (which dominate over other uncertainties) are also shown.

high scale SUSY breaking models (as in gravity or anomaly mediation). The gluino RG e↵ects
become stronger as ⇤ is pushed up and it gets harder to have a stop much lighter than the gluino.

The bounds on the tuning from current direct stop searches are not competitive with the gluino
ones, and thus do not pose a significant constraint on the parameter space. When m�3 � mt̃1 ,
additional tuning is required because of the large correction to the stop mass from the gluino.
Making the LSP heavier than 400 GeV to evade the gluino bounds does not improve the situation;
a heavy LSP implies a large µ-term which increases the tree-level tuning of the theory. Fig. 2
finally shows that the small window left for naturalness in SUSY will be probed already by the
end of the 8 TeV LHC run, when the gluino searches are pushed above 1.5-1.8 TeV mass range.

The absence of evidence for sparticles suggests that either low-energy SUSY theories have to be
tuned, or sparticles are absent from the weak scale altogether. Why, then, does supersymmetric
unification work so well if the sparticles responsible for it are not present? An answer to this
question comes from Split SUSY [7, 8], a theory motivated by the multiverse. In Split SUSY,
scalar sparticles are heavy—at the SUSY breaking scale m0—whereas fermions (gauginos and
higgsinos) are lighter as they are further protected by the R-symmetry whose breaking scale can
be lower than m0. Choosing the fermion masses near a TeV, as dictated by the WIMP “miracle”,
reproduces successful unification independent of the masses of scalar sparticles. So in Split only
the gauginos and higgsinos may be accessible to the LHC, whereas the scalar masses can be
anywhere between the GUT and the weak scale.

This uncertainty in m0, which has been blurring the phenomenology and model building of
Split, has come to an end with the discovery of the Higgs [4]. The Higgs mass mh correlates with
m0 [7, 8] as shown in Fig. 3 [9], and for mh = 125.5 GeV the scalar sparticle masses are in the

4

Arvanitaki, Craig, Dimopoulos, Villadoro 
1210.0555

WHY SPLIT?



The observed Higgs mass fits well with anomaly mediation or other 
scenarios (including many moduli-mediated scenarios) where gaugino 
masses are set by

m� ⇠ ↵

⇡
m3/2

For plausible and typical models, in such a scenario scalars are ~ m3/2 
and the spectrum is split.	


!
If gauginos are ~ TeV (and we know they aren’t much lighter!), the 
scalars are in the right place for a 125 GeV Higgs. (1 TeV gluino means 
~40 TeV gravitino & scalars)

ANOMALY MEDIATION AND 
MINI-SPLIT



Moduli are scalar fields coupling with gravitational strength. In string 
constructions their VEVs determine couplings, e.g. 

L � c�
�

MPl
Fµ⌫F

µ⌫

These fields are often light: the natural scale for their masses is ~m3/2. 
(Coughlan, Fischler, Kolb, Raby, Ross 1983; de Carlos, Casas, Quevedo, 
Roulet 1993).	


!
Overclose the universe or ruin BBN unless their masses are > (TBBN2 

MPl)1/3 ~ 100 TeV.  There’s the 100 TeV scale again!

MODULI



• If gauginos are at the 100 GeV to 1 TeV scale (and we 
know they aren’t much lighter…), AMSB puts the gravitino 
at ~10 to 100 TeV.	



• If we want moduli to reheat above BBN, this picks out a 
scale ~10 to 100 TeV.	



• If we want to raise the Higgs mass to 125 GeV without 
large A-terms, for moderate to large tan beta this picks out 
scalar masses ~ 10s of TeV.	



• It’s a nice story, aside from the fine-tuning.

TRIPLE COINCIDENCE?
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Abstract

Mini-split theories raise an obvious question: why is physics not split and natural? We consider anthropic
answers to this question.

1 Introduction

m3/2, mscalar,µ⇠ 10 TeV
l ↵

4⇡
mh, mgaugino⇠ 100 GeV

Unnatural Mini-Split SUSY

m3/2, mscalar,µ, mh⇠ 100 GeV
l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 1: The puzzle of mini-split supersymmetry: why would we find ourselves living in the fine tuned universe
on the left, if the fully natural one on the right seems equally viable?

2 Estimate

First pass to try to get parametric scaling right, not worrying about order one numbers:
Let us assume that we can approximate the modulus potential as a quadratic function V (�) ⇡ 1

2
m2
��

2 and
that in the early universe � began with a value �0 6= 0. We expect that typically �0 ⇠ MPl. Because of Hubble
friction the value of � will not change until H ⇠ m� , so we can roughly estimate that at that time the energy
density stored in � versus the energy density stored in radiation are comparable:

⇢� =
1
2

m2
��

2
0 ⇠ 3H2M2

Pl ⇠ ⇢rad =
⇡2

30
g⇤T

4. (1)

This means the yield of � is:

Y� ⌘
n�
s
=

1
m�

⇢�

⇢rad

3g⇤
4g⇤s

T ⇠ T
m�

. (2)

1

Is there a good reason why we might find ourselves living in the 
universe at left instead of the natural one at right?	


Maybe an anthropic answer involving moduli cosmology (work in 
progress with Josef Pradler).

Our picture raises a question: SUSY could have been split and 
natural.

THE ANTHROPIC QUESTION



GeV Planck scale

Anthropic !
pressure

Naturalness !
pressure

We are !
here?

SUSY may solve most of the hierarchy problem.  What we see conflicts 
with our notions of naturalness because we could not live in the 
natural world. Balance of two pressures:

Sounds philosophical, but the hope is for an anthropic story that relates 
to cosmology in a predictive way. Still work in progress….

A BIG PICTURE?



NONTHERMAL DARK MATTER
Considering moduli cosmology motivates pairing semi-
split SUSY with nonthermal dark matter generated 
through moduli decay.	


!
see: Moroi/Randall hep-ph/9906527; J. Kaplan hep-ph/0601262; Gelmini/
Gondolo hep-ph/0602230, Acharya/Kumar/Bobkov/Kane/Shao/Watson 
0804.0863, others....

For given       , DM abundance is enhanced by a factor of 
Tfreezeout/TRH. Ideal for light wino DM, with large 
annihilation rate. 

h�vi



ANNIHILATING DARK MATTER

2

collisions with gas [11–14, 20, 21], from a population of
⇠ 103 millisecond pulsars [11–13, 22, 23], or from anni-
hilations of ⇠7 – 40 GeV dark matter particles with an
annihilation cross section on the order of �v ⇠ 10�26

cm3/s [11–13, 16]. Throughout this paper, we will re-
main agnostic as to the origin of this emission, and use
the observed spectral and spatial distribution of the ob-
served gamma-rays to derive upper limits on the dark
matter annihilation cross section.

We find that even for very conservative choices for the
dark matter distribution (such as cored halo profiles), we
derive constraints on the dark matter’s annihilation cross
section which are comparable to the strongest constraints
found from other regions of the sky. In particular, our
most conservative constraints from the Galactic Center
(assuming a distribution with a kiloparsec-scale constant-
density core, normalized to the minimum value compat-
ible with the Milky Way’s rotation curve) are compa-
rable to the constraints derived by the Fermi collabora-
tion from the combination of all dwarf spheroidal galax-
ies (under the assumption of NFW halo profiles). If in-
stead we adopt an NFW, Einasto, or contracted profile
to describe the dark matter distribution in the Galac-
tic Center, the constraints we derive on the dark matter
annihilation cross section are more stringent than those
from any other gamma-ray observations.

II. ANALYSIS PROCEDURE

We begin our analysis by generating contour maps
of the gamma-ray flux from the region surrounding the
Galactic Center. These maps were generated using the
latest (corresponding to the analysis software update of
April 18, 2012) data release from the Fermi-LAT taken
over the time period between August 4, 2008 and June 19,
2012. Due to their superior point spread function, we use
only front-converting events from the Pass 7 ultraclean
class and, as recommended by the FGST collaboration,
we include only events with zenith angles smaller than
100 degrees and do not include events recorded while the
Fermi satellite was transitioning through the South At-
lantic Anomaly or while the instrument was not in survey
mode.

Our raw maps are shown in the left frames of Fig. 1 for
four di↵erent energy ranges between 300 MeV and 100
GeV. In each map, ten contours are shown, distributed
linearly between 2.45 ⇥ 10�8 and 2.45 ⇥ 10�7cm�2 s�1

sq deg�1 (300-1000 MeV), 1.06 ⇥ 10�8 and 1.06 ⇥
10�7cm�2 s�1 sq deg�1 (1-3 GeV), 2.60⇥10�9 and 2.60⇥
10�8cm�2 s�1 sq deg�1 (3-10 GeV), and 3.60⇥10�10 and
3.60 ⇥ 10�9cm�2 s�1 sq deg�1 (10-100 GeV). We have
smoothed each of the maps at a scale of 0.5 degrees (the
contour maps thus represent the average flux observed
within a 0.5 degree radius of a given direction in the
sky).

In the right frames of Fig. 1, we show the maps af-
ter subtracting the emission from known point sources

and from the Galactic Disk, following the approach of
Ref. [11]. In particular, we have subtracted a template
map including all of the sources in the region contained
within the Fermi Second Source Catalog [24] (adopt-
ing central values for the intensity and location of each
source, as reported in the catalog), with the exception
of the bright central source, which cannot be easily dis-
entangled from dark matter annihilation products in the
case of a strongly cusped or contracted halo profile. To
account for emission from the disk, we subtract a tem-
plate with a morphology derived from the line-of-sight
gas densities [25, 26] as a function of galactic latitude
(this template is only very mildly dependent on galactic
longitude in the region of the sky being studied here).
For details, see Ref. [11]. As the morphologies of these
subtracted backgrounds are not at all like those predicted
from dark matter annihilation, we are in no danger of un-
knowingly absorbing any would-be dark matter signal.
Throughout this paper, dashed lines are used to denote
negative contours of the same magnitude as assigned to
the solid lines (resulting from oversubtraction).
After subtracting the contributions from the disk and

from known point sources, central residuals remain in
each energy range (outside of the inner ⇠2�, this sub-
traction leaves only very modest residuals, typically on
order of 10% or less of the residual flux in the innermost
region). This central residual emission almost certainly
includes some degree of contributions from the central su-
permassive black hole [27, 28], unresolved point sources,
and from cosmic ray interactions with gas (such as is
observed at higher energies by HESS [29], for example).
To be conservative, we do not subtract any such com-
ponents from this residual and derive all of our limits
assuming that the entire residual flux could potentially
be the products of annihilating dark matter.

III. DARK MATTER ANNIHILATION IN THE
INNER GALAXY

The flux of gamma-rays in a direction,  , from dark
matter annihilations is given by:

�( ) =
�v

8⇡m2

DM

dN�

dE�

Z

los

⇢2(l)dl, (1)

where �v and m
DM

are the annihilation cross section and
mass of the dark matter particle, respectively. dN�/dE�

is the gamma-ray spectrum produced per annihilation
(as calculated using PYTHIA [30]), and the square of
the dark matter density profile is integrated over the ob-
served line-of-sight (los). This integral is often written in
terms of the dimensionless function, J :

J( ) ⌘ 1

8.5 kpc

✓
1

0.3GeV/cm3

◆
2

Z

los

⇢2(l)dl. (2)

In this section, we begin by considering a dark matter dis-
tribution which follows the well-known NFW (Navarro-

Expect a flux of gamma rays related to the square of the 
integral along the line of sight: 
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FIG. 1: Contour maps of the gamma-ray flux from the region surrounding the Galactic Center, as observed by the Fermi
Gamma-Ray Space Telescope. The left frames show the raw maps, while the right frames show the maps after subtracting the
emission from the sources found in the Second Fermi Source Catalog (not including the central source) and from the Galactic
Disk. All maps have been smoothed over a scale of 0.5 degrees. See text for more details.

Frenk-White) profile [31]:

⇢(r) / 1

(r/Rs)[1 + (r/Rs)]2
, (3)

where Rs = 20 kpc is the scale radius of the halo.

And while the NFW profile is motivated by the results
of numerical simulations [34], there is some (relatively
mild) variation in the profiles that are predicted by such

Best signal near the 
galactic center, but lots 
of background all 
along the plane 
(Hooper, Kelso, 
Queiroz1209.3015)

flux contours after background 	


subtraction



BOUNDS FROM FERMI-LAT 
AND HESS

13

FIG. 10: The 95% confidence level upper limits on the dark matter annihilation cross section, for various annihilation channels,
assuming a distribution which follows an NFW (upper frames) or Einasto (lower frames) halo profile. To be conservative,
we have normalized the halo profile to the minimum value capable of providing a good fit to the combination of the Milky
Way’s measured rotation curve and microlensing constraints [32] (corresponding to a local density of ⇢ ⇡ 0.28 GeV/cm3 or 0.25
GeV/cm3 in the upper and lower frames, respectively). For comparison, the horizontal line denotes the estimate for a simple
thermal relic (�v ⇡ 3⇥ 10�26 cm3/s).

Galactic center continuum 
bound, Hooper et al.	


!

(Fermi dwarf bounds weaker)
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

HESS line search, 
1301.1173



CONTINUUM GAMMAS FROM 
WINO ANNIHILATIONS
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Figure 4: Some annihilation modes
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Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-
wig is dashed. Photons (red), e± (green), p̄ (blue), ⌫ = ⌫

e

+ ⌫
µ

+ ⌫
⌧

(black).

energy tails. In fact, although the centre-of-mass energy has been increased to 2
TeV, the D ! qq̄ is similar to Z/�⇤ ! qq̄ processes at LEP, which were used when
tuning theHerwig and Pythia user-defined parameters. Nevertheless, we note some
discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
a higher multiplicity, and in the p̄ distribution, where Herwig is above Pythia
especially at large x.

• Some discrepancy, up to a factor of 2, is instead found for the gg mode (which is,
however, presumably not the dominant one in DM phenomenology). In fact, unlike
the qq̄ mode, the D ! gg channel does not have a counterpart at LEP; the di↵erences
in parton showers and hadronization in Herwig and Pythia, as well as the fact that
we are running the two codes at a much higher energy with respect to LEP, may thus
be responsible for this discrepancy. In detail, as far as the �, e± and p̄ spectra are
concerned, Herwig is above Pythia at small x and below at large x; the Pythia
neutrino multiplicity is instead above theHerwig one in the whole x range, especially
for x > 10�5.

• Lepton modes (here exemplified by the ⌧�⌧+ case) exhibit a significant disagreement,
especially in the photon spectra, where Pythia yields a remarkably higher multi-
plicity with respect to Herwig for x < 10�2. As we pointed out before, Pythia
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Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ≃ α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold

10

For heavy winos, the rate can be very enhanced (Hisano et al ’04)

This is because, relative to 
the scale set by the wino 
mass, W exchange becomes 
a long-range force. 
Resonant peaks where 
bound states form.

Tiny tree-level charged/neutral splitting:

dark matter and its partners are given by

Lint = −
e

2sW

(

χ̃0W/ †χ̃− − χ̃0
NW/ †χ̃− + h.c.

)

−
e

sW cW

(

1

2
− c2

W

)

χ̃−Z/ χ̃−

+eχ̃−A/ χ̃− +
e

2sW cW
χ̃0Z/ χ̃0

N . (3)

An example of the EWIMP dark matter is the lightest neutralino in the MSSM.

Neutralinos χ̃0
i (i = 1 · · ·4) are linear combinations of the supersymmetric partners of

gauge bosons and Higgs bosons, Bino (B̃), neutral Wino (W̃ 0) and neutral Higgsinos

(H̃0
1 , H̃0

2 ). While those four fields have SU(2)L⊗ U(1)Y invariant masses, they are

mixed with each other via the electroweak symmetry breaking [17],

χ̃0
i = Zi1B̃ + Zi2W̃

0 + Zi3H̃
0
1 + Zi4H̃

0
2 . (4)

Coefficients Zij are determined by diagonalizing the neutralino mass matrix,

Mχ̃0 =

⎛

⎜

⎜

⎜

⎜

⎝

M1 0 −mZ sW cβ mZ sW sβ

0 M2 mZ cW cβ −mZ cW sβ

−mZ sW cβ mZ cW cβ 0 −µ

mZ sW sβ −mZ cW sβ −µ 0

⎞

⎟

⎟

⎟

⎟

⎠

, (5)

which is written in the (B̃, W̃ 0, H̃0
1 , H̃0

2 ) basis. Here M1 and M2 are the Bino and

Wino masses, respectively, and µ is the supersymmetric Higgsino mass. The variable

tan β is given by the ratio of the vacuum expectation values of two Higgs fields, and

cβ = cos β and sβ = sin β. The lightest neutralino is Wino-like when M2 ≪ |µ|, M1,

and Higgsino-like when |µ| ≪ M1, M2. These two neutralinos have SU(2)L charges

and are candidates of the EWIMP dark matter; the Wino-like neutralino is a triplet

EWIMP and the Higgsino-like neutralino is a doublet EWIMP.

Neutralinos are accompanied with charginos χ−
i (i = 1, 2), which are linear com-

binations of charged Wino W̃− and charged Higgsino H̃− = H̃−
1L + H̃−

2R [17]. The

compositions of charginos are determined by diagonalizing the chargino mass matrix,

Mχ± =

(

M2

√
2 mW sβ√

2 mW cβ µ

)

, (6)

which is written in the (W̃−, H̃−) basis.

From the above matrices in Eqs. (5) and (6), the mass difference δmtree between

the lightest neutralino and chargino at tree level can be calculated. If the LSP is

Wino-like (mZ , M2 ≪ M1, |µ|), δmtree is approximately given by

δmtree ≃
m4

Z

M1µ2
s2

W c2
W sin2 2β , (7)

6Loop splitting usually dominates: ~ 160 MeV



CONTINUUM BOUNDS

where the scale radius of the halo Rs = 20 kpc and for the Einasto profile, we use ↵ = 0.17. The characteristic
density ⇢s is determined by the local dark matter density at the sun, ⇢(r�). The distance between the sun and the
galactic center is taken to be r� = 8 kpc throughout this paper.2

Now we illustrate the uncertainties in calculating the J factor by varying ⇢(r�) and thus ⇢s in dark matter
profiles. A recent study of microlensing and dynamical observations of our galaxy mapped out 2� boundaries of
⇢(r�) for NFW and Einasto profiles [49]. For the NFW profile, ⇢(r�) = 0.29� 0.54 GeV/cm3 and for the Einasto
profile, ⇢(r�) = 0.25� 0.48 GeV/cm3 at the 2� level fixing r� = 8 kpc. We rescale the bounds in [42], which used
exclusively the lower (conservative) end of the 2� range of Ref. [49], and plot the band of bounds in Fig. 1 by
varying ⇢(r�) in the 2� ranges listed above. As the Einasto profile has a steeper inner slope than NFW, it leads to a
bigger J factor and thus a stronger bound for searches concentrating near the galactic center, all else being equal.
This is demonstrated in Fig. 1, in which the lighter shaded band of bounds from Einasto profiles is lower than the
darker shaded band of bounds from NFW profiles. In Fig. 1, we also plot the bound assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3, which is a common value used in setting bounds, as a darker reference curve. In Sec. 2.3, we
will discuss dark matter profiles with softened cusps such as cored profiles.

We also present the production cross section as a function of neutralino dark matter mass in Fig. 1. In cal-
culating the wino annihilation cross section, we take into account the Sommerfeld enhancement and one-loop
corrections using the fitting functions in [50]. For the higgsino annihilation cross section, we use fitting functions
in [51], which only take into account Sommerfeld enhancement. For the plot, the splitting between the charged
and neutral winos is set to be 0.2 GeV and the higgsino mass splitting is 0.5 GeV. These are reasonable approxi-
mations to the expected splittings, which have little effect on these tree-level rates. We review the physics of these
mass splittings in Appendix A.

From Fig. 1, one could see that conservatively, the Fermi dwarf galaxy data rules out pure wino dark matter
up to around 385 GeV and pure higgsino dark matter up to around 160 GeV. The dwarf galaxy data also rules out
wino dark matter with mass around 2.4 TeV, where the first resonance enhancement peak lies. The galactic center
photon continuum data rules out wino dark matter up to around 700 GeV and higgsino dark matter up to 300 GeV
for either NFW or Einasto profiles.

cé 0 =W
é
0, dm = 0.2 GeV

cé 0= H
é
0, dm = 0.5 GeV

Fermi dwarf 4 years
Hooper et.al. GC H1209.3015L
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Figure 1: Constraints on the cross section of annihilation into W W (+ZZ ) final state and wino/higgsino annihilation cross
section as a function of neutralino mass. The black dot-dashed curve is the constraint from the continuum photon spectrum
of Milky Way satellite galaxies [41]; the dark blue curve is the constraint from the photon continuum in our galactic center
assuming an NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc [42]. The blue (lighter blue) bands are derived by varying
⇢(r�) of NFW (Einasto) dark matter profiles as discussed in the text. The burgundy solid (cyan dashed) curve is the cross section
of wino (higgsino) annihilation into W W (+ZZ ) final states.

2A popular choice of r� in setting the bounds is 8.5 kpc, which corresponds to larger ⇢s for fixed ⇢(r�) and thus stronger bounds.

4
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at least 	


~700 GeV

higgsinos excluded to 	


~300 GeV

resonant peak 
(Sommerfeld)



GAMMA-RAY LINES

2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including

5

Naively, down by a loop 
factor, so less useful than 
continuum.

However, at large wino mass this goes as ~1/mW2, not 
1/mwino2 (closely related to Sommerfeld effect).	


!

Thus, line searches are a very powerful probe of heavy 
winos.



LINE BOUNDSSommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.

Matched calculation
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HESS H1301.1173L
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Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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FRACTION OF ALLOWED 
WINO DARK MATTER

profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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CONCENTRATION OF DM IN 
THE GALACTIC CENTER?

�CDM predictions
“Universal” profile for dark matter halos
[Navarro, Frenk, & White (NFW) 1996, 1997; also Dubinski & Carlberg 1991]:

1/r3

1/r

⇢(x ⌘ r

r�2
) =

⇢0

x (1 + x)2

Profile defined by 2 parameters:
(⇢0, r�2) or (Mvir, cvir)

NFW profile (Navarro, 
Frenk, White 1993)	


!

Robust outcome of N-body 
simulations of dark matter 
only.	


!

Does it apply in the real 
world?

“cusp”



DARK MATTER CORES FROM 
BARYONIC EFFECTS?

How'are'Cores'Created?

Pontzen & Governato (2012), MNRAS, 421, 3464, arXiv:1106.0499

Pontzen/Governato 
1106.0499: underdense 
bubble from supernova 
explosions.

Kuhlen et al. 5

Fig. 4.— The time dependence of the DM o↵set from the total
potential minimum in Eris (blue) and ErisDark (red). The gravi-
tational softening ✏

soft

(z) = 124 pc is indicated with a dashed line.
In ErisDark the DM o↵set remains around or below 1 ✏

soft

for al-
most the entire simulation, while in Eris it begins to significantly
exceed ✏

soft

around z = 1.5 and remains at ⇡ 3✏
soft

afterwards.

in Eris at z = 0 is no fluke, but persists over cosmological
time scales. At very early times (z & 2) there is no o↵set
in either Eris or ErisDark. Starting at z ⇡ 1.5, however,
the DM density maximum in Eris starts to depart from
the dynamical center. Over a period of about two Gyr
the DM o↵set grows to D

o↵

⇡ 340 pc (almost 3 ✏

soft

),
where it remains for the remainder of the simulation. In
contrast, in the ErisDark simulation D

o↵

remains below
1 ✏

soft

for almost its entire evolution, albeit with occa-
sional spikes up to ⇠ 200 pc. These results are quali-
tatively quite similar to those reported by Macciò et al.
(2012, see their Fig.4) in a similar, albeit 8 times lower
resolution, simulation.
In Eris, D

o↵

fluctuates around its time average (over
the last 4 Gyr) of 340 pc with a root mean square
(rms) dispersion of 51 pc. The closest the peak comes
to the center over this time is D

o↵

= 180 pc. The
peak preferentially lies near the disk plane; its mean
vertical (perpendicular to the disk plane) displacement
is only h|z|i = 64 pc, with an rms dispersion of 46
pc. The maximum density varies around a mean value
of h⇢

max

i = 0.84M� pc�3 with an rms dispersion of
0.02M� pc�3, and reaches minimum and maximum val-
ues of 0.79 and 0.92 M� pc�3.
Outputs in the Eris simulation are spaced ⇠ 35 Myr

apart, which is too long to resolve the dynamics of the
o↵set peak, given the local dynamical time of ⇠ 15
Myr. Nevertheless it is already clear from looking at this
coarsely time-sampled data that the peak locations are
not randomly distributed throughout the central region.
We defer further discussion of the temporal evolution of
the DM o↵set and implications for its physical nature to
Section 4.

3.4. Correlation with DM density profile flattening

The growth of the DM density o↵set appears to be
well correlated with a flattening of the central DM den-
sity profile in Eris, as demonstrated in Fig. 5. The top

Fig. 5.— Evolution of the inner DM density profiles. Top: Den-
sity profiles at z = 3, 2, 1.5, 1, 0.5, and 0 for Eris (left) and
ErisDark (right). All quantities are plotted in proper units. The
black dotted lines indicate the best-fitting modified Burkert pro-
file (see Eq. 1). The location of r

5000

, the radius enclosing 5000
DM particles, is indicated with squares. r

5000

corresponds to the
density profile convergence radius in ErisDark at z = 0. For Eris
the density profile can be trusted to smaller radii due to its larger
particle counts, and so we additionally mark r

1000

with a circle.
The vertical bars indicate r = 3✏

soft

. Bottom: The evolution of
the logarithmic slope (dln ⇢/dln r) measured at di↵erent radii: the
symbols and thick lines correspond to the slopes at r

5000

, and for
Eris we also show the slope at r

1000

. All lines are boxcar averages
over 10 outputs. This plot shows that baryonic physics in Eris
leads to the flattening of the central density profile. This flatten-
ing appears to be correlated with the growth of the DM o↵set (cf.
Fig. 4). We emphasize that these slopes are not asymptotic slopes,
and a value of less than �1 does not imply a strongly cusped profile
all the way to the center, but merely indicates the local slope at
r
5000

, which may lie outside of the scale radius at early times.

panels show mean enclosed density profiles in the inner
region (r < 5 proper kpc) at several output times from
z = 3 to z = 0. We see two notable di↵erences be-
tween Eris (left panel) and ErisDark (right). First, the
DM densities (plotted in proper units) tend to be higher
in Eris than in ErisDark, which is indicative of “adia-
batic contraction”. Secondly, while the enclosed density
in ErisDark continues to increase towards smaller radii,
the profiles flatten out in Eris, indicating the formation
of a core. Note that we use the term “core” loosely, indi-
cating a substantial flattening of the density profile, but
not necessarily implying a constant density.
Inner density profiles are notoriously di�cult to prop-

erly resolve in N-body simulations, requiring high force
resolution, large particle counts, and accurate time in-

Kuhlen et al. 1208.4844	


bar/halo interactions? with baryons DM-only



LIMITS WITH CORED DARK 
MATTER PROFILES

Fig. 4, the wino dark matter scenario with a thermal relic equal to the observed dark matter relic, which we took
to be ⌦h2 = 0.12 [23], is ruled out for NFW or Einasto profiles. Below 1.5 TeV, the bound on the allowed relic
abundance of winos is above the thermal relic abundance, and thus a non-thermal contribution to the wino relic
abundance is still allowed but is bounded to be less than all of the dark matter.

2.3 Core vs cusp dark matter profiles

Numerical simulations of galaxy formation including only dark matter robustly find cuspy dark matter distribu-
tions like the NFW and Einasto profiles we have discussed so far. Of course, the inner region of the Milky Way
galaxy is not solely composed of dark matter; sufficiently near the center, the galaxy is dominated by baryons. The
effect of baryons on the shapes of dark matter halos is still uncertain. Even the sign of the effect is in dispute. Adi-
abatic contraction tends to make the dark matter profiles steeper in the galactic center, as argued on theoretical
grounds [59] and observed in simulations (e.g. [60]). If this is the dominant effect, it will tend to increase indirect
detection signals from the galactic center, and by ignoring it we are being conservative. However, baryons could
also lead to dark matter distributions without cusps, a possibility that has drawn a great deal of attention in the
context of dwarf satellite galaxies, which appear to have cored halos. Feedback from supernovae, for instance, has
been suggested as a possible culprit in the destruction of cusps. Recent high-quality numerical simulations pro-
ducing realistic spiral galaxies have found that cusps survive even repeated baryonic outflows [61]. Perhaps the
most dangerous effect for the interpretation of indirect detection limits is a resonant bar/halo interaction, which
may lead to formation of a core of kiloparsec size in the Milky Way [62]. Recent work has argued that the Eris simu-
lation shows evidence for a 1 kpc core in the Milky Way [63], in contrast to earlier work arguing that core formation
was an artifact of simulations with too large a timestep [64]. On the other hand, one of the simulated galaxies in
Ref. [61] has a prominent bar and does not have a core. In short, the N -body simulation community does not ap-
pear to have converged on an answer for the expected shape of the Milky Way’s inner halo. Observations also offer
little help; a recent fit claimed a mild preference for a large core [65], but was also compatible with an NFW-like
distribution. It is also worth keeping in mind that even if observations decisively favored a cored profile, this would
not necessarily be good news for proponents of wino dark matter. We would still face the question of whether cold
dark matter with baryonic feedback could produce such a core; if not, the core might well point to self-interacting
dark matter or other new dynamics incompatible with winos. Indeed, in the case of dwarf galaxies, the “core/cusp
problem” is often cited as a motivation for moving beyond the paradigm of cold, collisionless dark matter.
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Figure 5: Left: minimal radius of the inner constant density core which will remove the HESS limits as a function of wino mass.
The band is obtained by varying⇢(r�) in the range 0.29�0.54 GeV/cm3. The solid red reference curve corresponds to⇢(r�) = 0.4
GeV/cm3. The vertical dashed orange line marks the wino with thermal relic abundance ⌦thermalh2 = 0.12. Right: the bound
from Ref. [42] in the case of an NFW profile with 1 kpc constant density core (blue band), compared to the expected wino cross
section (burgundy curve).
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The thermal wino bound can be evaded with a ~ kpc core. 
Even with a kpc core, light winos cannot be all the DM for 
wino masses below ~400 GeV.



NON-THERMAL ABUNDANCES
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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Light wino LSPs (e.g. from 
anomaly mediation) are bad 
dark matter candidates unless 
we have exactly the sort of 
non-thermal cosmology moduli 
could provide. (Moroi & 
Randall, recently Gordy Kane & 
collaborators, Yanagida & 
collaborators, etc)
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is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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by

dnW̃

dt
+ 3HnW̃ = −⟨σeffv⟩(n2

W̃
− n2

W̃ ,eq
) +NW̃ΓXnX , (2.1)

dnX

dt
+ 3HnX = −ΓXnX , (2.2)

dρrad
dt

(

1 +
1

3

∂ ln g∗
∂ lnT

)

= (−4Hρrad + q)

(

1 +
1

4

∂ ln g∗
∂ lnT

)

, (2.3)

where nW̃ is the sum of the number densities of neutral and charged Winos, nX is the number
density of X , and q is a heat injection into radiation as

q = (mX −NW̃mW̃ )ΓXnX +mW̃ ⟨σeffv⟩n2
W̃
, (2.4)

with NW̃ being the averaged number of SUSY particles produced by the decay of one X .
In addition, ρrad is the energy density of the relativistic component, and is related to the
cosmic temperature T as

ρR =
π2

30
g∗(T )T

4, (2.5)

where g∗(T ) is the effective number of relativistic degrees of freedom.#1 In our calculation,
we approximated that the full particle content at the temperature above the QCD scale
(which is taken to be 200 MeV in our analysis) is that of the MSSM, while that at the tem-
perature below the QCD scale consists of photon, three generations of leptons, and pions.
Furthermore, nW̃ ,eq denotes the thermal-equilibrium value of nW̃ , H is the expansion rate of
the universe, ΓX is the decay rate of X , and mX and mW̃ are the masses of X and Wino,
respectively.#2 In the above Boltzmann equations, the thermally-averaged effective annihi-
lation cross section ⟨σeffv⟩ accounts both for the coannihilation effect and the Sommerfeld
effect, which were not fully taken into accounts in previous analyses.

The coannihilation processes are included by summing up the cross sections of all the
relevant modes with appropriate weights:

⟨σeffv⟩ =
∑

i,j

rirj⟨σijv⟩, (2.6)

#1We use the fact that g∗s(T ) is numerically very close to g∗(T ), and approximate g∗s(T ) ≃ g∗(T ) in our
calculation, where g∗s(T ) is the effective number of massless degrees of freedom for the calculation of entropy
density, which is related to the entropy density as

s(T ) =
2π2

45
g∗s(T )T

3.

#2Because we are interested in the case where charged and neutral Winos are quite degenerate, we denote
the Wino masses as mW̃ as far as we discuss the quantities which are insensitive to the mass difference.

3

Solve a set of Boltzmann 
equations:

100 GeV winos are all the 
DM for reheat temperatures 
~ 300 MeV.



BOUNDS ON THE REHEAT 
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reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.

HESS line H1301.1173L
Fermi line H1305.5597L
Wnon-thermalh2= 0.12
Hooper et. al. GCH1209.3015L

100 500 1000

0.01

1

102

mW
é @GeVD

T R
H
@Ge

V
D

BBN

Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
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is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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Only reheat 
temperatures above 
about 1 GeV are 
allowed.



TROUBLE FOR MODULI 
COSMOLOGY?
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Figure 8: The bound on reheating temperature converted to a lower bound on the scale of moduli masses using Eq. 8 and 9.
Rather than using the reheating bound from Fig. 7, we have been somewhat more conservative by using the bound on h�v iW W

assuming a 1 kpc cored NFW profile from Fig. 5 (right hand plot). We also show a range of gravitino masses that might be
associated with a given wino temperature. The central dashed line is the AMSB prediction, and the band encompasses a factor
of 2 around this prediction in either direction.

other models where the detailed numerical coefficient is sensitive to moduli stabilization or other dynamics. What
is clearly visible in Fig. 8 is that the moduli mass scale preferred for achieving a sufficiently small wino relic
abundance is notably larger than the gravitino mass expected to lead to the chosen wino mass.

To restate this: scenarios in which gauginos are a loop factor below m3/2 and moduli lie near m3/2 are dis-
favored, whereas moduli an order of magnitude or more heavier than m3/2 are compatible with the data. The
modulus mass can only be significantly heavier than the gravitino mass if moduli are stabilized in a supersymmet-
ric manner. Furthermore, it would be a surprise if all moduli are stabilized supersymmetrically. For instance, if
a QCD axion originates from a modulus field, its scalar superpartner, the saxion, would be catastrophically light
unless it is stabilized in a nonsupersymmetric manner [81, 87, 88]. Hence, we might expect the saxion to overpro-
duce winos. This may not be an insurmountable problem: if the axion’s decay constant is relatively small, perhaps
the saxion stored a small fraction of the energy density compared to other moduli, and hence is a subdominant
effect compared to heavier, supersymmetrically stabilized moduli. Another possible problem is that moduli heavy
relative to m3/2 will decay to gravitinos, potentially creating a moduli-induced gravitino problem [25, 76, 77]. The
decay rate of gravitinos in the MSSM is [77]

�3/2 =
193

384⇡

m 3
3/2

M 2
Pl

, (13)

parametrically similar to moduli decay with c ⇡ 2 but with m� traded for the smaller m3/2. This can be problematic
for BBN; for instance, 100 TeV gravitinos decay when the temperature is about 7.8 MeV. The gravitino decays also
produce additional LSPs, which at these later times do not annihilate as efficiently. As a result, the data appears
to be forcing us into a special corner of model space in which moduli decays to gravitinos are suppressed [79, 81].
This problem, known for several years, is more severe now that data has told us that low-mass winos can constitute
at most a small fraction of the dark matter. The bound on the reheating temperature is such that we can’t appeal
to moduli lighter than 2m3/2 to escape the problem, at least unless gaugino masses are suppressed far below their
anomaly-mediated values relative to m3/2.

13

�� ⇠
m3

�

M2
Pl

Purple band:

with plausible range of 
coefficients.

Red band: gravitino mass, if wino mass is ~ AMSB size.	


!

Problem: moduli decays to gravitinos will overclose 
the universe.



REFINEMENTS / CONCERNS
Fermi-LAT continues to take data. HESS II is also 
operating. So bounds will keep improving.	


!

Would be nice to see tighter constraints on the DM 
distribution in the Milky Way. Not so easy near the 
Galactic Center because it’s baryon dominated. But 
many star surveys (APOGEE, SEGUE, RAVE, Gaia, …) 
giving us data. How do we make the most of it?	


!

Could DM distribution be off-center? Do we need to 
allow for that too?



DM DISTRIBUTION IN 
DWARFS: SPIKY?8

FIG. 5. DM annihilation cross-section constraints derived from a combined analysis of 15 dwarf spheroidal galaxies, for the
⌧ ¯tau (left) and EW̄ final states. We used an NFW DM distribution, and a Tremaine relation to assign the black hole masses
to each galaxy.

hole masses and, therefore, we expect our constraints to
bracket a meaningful range of possible outcomes.

In contrast with previous analyses, and due to the max-
imal density cuto↵ alluded to above, the presence of a
black hole enforces a correlation between the astrophys-
ical J factor and the mass and pair-annihilation cross
section of the dark matter particle. The most constrain-
ing dwarf galaxy depends upon the prescription for the
attribution of the central black hole mass. Limits on the
dark matter annihilation rate from observations of indi-
vidual dwarfs are enhanced by many orders of magnitude
in some cases.

We also attempted to derive a combined constraint
that utilizes limits from observations of all 15 dwarfs in
the original sample employed by the Fermi Collaboration.
The joint constraint is always weaker than the constraint
from the best single candidate, as a result of the wide
spread in J factors induced by the presence of a central
black hole.

We find that taken at face value our results rule out a
vanilla WIMP thermal relic for masses well in excess of 1
TeV for an NFW seed density profile, and of 100 GeV for
a seed cored profile. A central black hole in local dwarfs
would conclusively rule out dark matter annihilation as

a source for the Galactic center gamma-ray excess, in-
dependently of the annihilation pathway, and would also
solidly rule out wino dark matter.
We caution the Reader that there are several e↵ects

that could counteract the e↵ect of the adiabatic contrac-
tion scenario we have presented. For instance, if the seed
black hole was formed o↵-center [43], or if a stellar cusp
around the black hole is present, inducing scattering of
the dark matter particles [57], the dark matter cusp could
be smoothed out. Yet, the resulting density profile will be
steeper than what considered in the Fermi analysis. The
expected enhancement e↵ect on the cross section con-
straints would be comparable to the more conservative
scenarios we have discussed here.
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Density spikes near black 
holes? Huge uncertainties, 
but potentially much tighter 
bounds.
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Our simple “stacking” method does not imply that the
global limit is always better than the individual limits.
Just to illustrate this suppose that all dwarfs have the
same J

i

= J . In this case, from Eq. (13), the limit

improves to h�vi =
pP

ih�vi2i
n

. Now, if all dwarfs have
the same “noise”, i.e. N

i

= N̄ , then all limits are the

same, h�vi
i

= ¯h�vi and the global limit h�vi =
¯h�vip
n

.

Suppose now that one has two dwarfs, with the same
J factors, but one (dwarf 2) has a background count 4
times larger than the second, thus h�vi2 = 2h�vi1. In
this case the global limit combining the two dwarfs is

h�vi = h�vi1
p
4+1
2 ' 1.12h�vi1, hence from combining

the two dwarfs one gets a limit which is 10% worse than
for dwarf 1 alone. Similarly, if a dwarf has a signifi-
cantly lower J factor, say by a factor 2, so J1 = 2J2, and
N1 = N2, then the global limit is a factor

p
5/2 ' 1.12

worse than the limit from dwarf 1 alone.
When we apply this stacking procedure for the no-

black hole case, we find that compared to the Fermi Col-
laboration joint likelihood analysis we produce an under-
estimate of a factor of 0.25 for low energies, and of a
factor of 2 for large energies. This brackets the expected
range of systematic uncertainty from utilizing the sim-
ple combined analysis approach outlined above versus a
more sophisticated joint likelihood treatment.

In our results including the black holes some of the
individual constraints turned out to be stronger than
the combined one, as was expected from our stacking
method; it is not unreasonable that one would find this
to be the case even if a more complex stacking method
is used, since with central black holes the di↵erences in
J factors among dwarfs are very large. A comparison
of the combined constraints obtained in the three sce-
narios for the black hole assignment we consider here,
NFW+Tremaine/Magorrian/McConnel& Ma relation, is
shown in Fig. 4 (red lines). In the figure we also show
those same three scenarios but with a Burkert density
profile (blue lines), and the constraint from the Fermi
analysis (black line); in this case the combined con-
straints fall within 95% confidence limit (yellow band)
derived by Fermi Collaboration, from the combined anal-
ysis of the same set of galaxies, regardless of the black
hole mass scenario.

For the sake of illustration, in the figure we also show
the case of a NFW profile for the 15 stacked dwarfs, all
endowed with a black hole mass of 50 M�. In this case,
we obtain combined constraints which approximately fall
within the Fermi uncertainty band. Any minimal black
hole mass larger that 50 M� would lead to a significantly
stronger combined limit. The figure also illustrates that
the combination of NFW+ Magorrian relation gives the
strongest limit. This scenario would be able to exclude
all the thermal vanilla WIMP candidates lighter than
10TeV .

In figure 5 we show the combined constraints for two
di↵erent annihilation pathways, namely the ⌧ ⌧̄ (left),
and WW̄ (right) final states. For these case we utilize

FIG. 4. DM annihilation cross-section constraints derived
from a combined analysis of 15 dwarf spheroidal galaxies as-
suming an NFW (red) and Burkert (blue) density profile. We
have assigned the black hole using the three di↵erent rela-
tions described in the text. The yellow band corresponds to
the 95% confidence level derived by Fermi Collaboration from
their combined analysis of the same set of galaxies assuming
an NFW dark matter distribution[22]

a benchmark choice of a NFW density profile, and the
Tremaine relation. As before, several dwarf galaxies, in-
dividually, would be excluding important regions of low
mass WIMPs. For example, in the case of the ⌧ ⌧̄ channel
it would be excluding again the Galactic center excess:
we show the preferred region for the ⌧ ⌧̄ final state with
a blue star, as calculated in Ref. [55]. For the WW̄ final
state, the constraint we find would rule out wino dark
matter, whose pair-annihilation cross section is shown
with a solid blue line, as calculated in Ref. [56].

IV. DISCUSSION

In this study we assessed how the presence of central
black holes in local dwarf spheroidal galaxies impacts
constraints on the dark matter pair-annihilation cross
section from gamma-ray observations. Due to adiabatic
contraction of the inner dark matter density distribu-
tion onto massive central objects, large central densities
are generically predicted. The exceedingly steep profiles
are cut o↵ at some maximal density by annihilation pro-
cesses, in a mass- and annihilation-rate-dependent fash-
ion.
We explored three di↵erent prescriptions for the at-

tribution of a mass for the black holes associated to a
given dwarf galaxy. The various prescriptions stem from
extrapolations of well-known relations between the veloc-
ity dispersion, or luminosity, of the stellar components of
more massive galaxies with the central black hole mass.
The three scenarios cover a wide range of possible black

What astronomical observations 
would help us constrain this 
better?



INTERNAL BREM
Internal bremsstrahlung:	


!

Alters shape of 
continuum photon 
spectrum; can look like 
enhanced line signal. 
Need to include in the 
fits: will get stronger 
bounds.  (Work in 
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(see Bringmann, Bergstrom, Edsjo 0710.3169)

900 GeV higgsino continuum	
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dashed without IB,	


solid with IB



INTERPRETATION
Reheating just above BBN seems appealing in split SUSY: 
get a 125 GeV Higgs, possibly have an anthropic story, 
simple anomaly mediation works.	


!

If that was the right story, we would have expected to see 
signals of wino annihilation. The bound on the reheating 
temperature is well above the BBN scale.	


!

Disfavors the nonthermal scenario, unless the winos 
decay. Consider RPV + split? Or: preserve R-parity, but 
decay to hidden sector?



NONSTANDARD AXION 
COSMOLOGY

(e.g. Kawasaki, Moroi, Yanagida, hep-ph/9510461)

If wino DM decays through RPV, maybe axions are the DM.  
Axions begin to oscillate during moduli domination. 
Then moduli decay and produce entropy.
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BINO/HIGGSINO DM
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [92]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W �) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [42]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [93].

current and future constraints on mixed higgsino/bino dark matter in Fig. 9. The direct detection current and
prospective bounds (XENON and LUX spin-independent, XENON spin-dependent, and IceCube from solar cap-
ture followed by annihilation to W +W �) are all extracted from figures in Ref. [92]. We have superimposed the
Fermi-LAT gamma ray continuum limit from Ref. [42]. The gamma-ray continuum and line rates were computed
with MicrOMEGAs, which includes diagrams relevant for higgsino annihilation to Z� that are absent from the early
literature and treated for the first time in Ref. [57].

The figure displays an important complementarity between direct and indirect detection. As already noted,
direct detection bounds arise dominantly from Higgs exchange, which depends on the Higgs–bino–higgsino cou-
pling and hence on having µ ⇠M 1. The large bino mixture leads to a larger splitting between charged and neu-

15



CONCLUSIONS
Indirect detection is a very powerful complementary 
probe to direct detection.	


!

A previously compelling scenario of nonthermal wino DM 
is ruled out, unless the reheating temperature is 
significantly higher. Moduli-induced gravitino problem 
remains.	


!

Better : get rid of winos with RPV, but have axions with 
high-scale decay constant? Interesting “split-RPV” scenario 
to explore. Or: winos decay to hidden sector.


